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PERFORMANCE OF MULTIPLE-CHAMBER ARC HEATER WITH 

FOUR MAGNETICALLY SPUN DIRECT-CURRENT ARCS 

by Donald R. Boldrnan, James P. Campbell, and Paul  C. S imon 

Lewis Research Center 

SUMMARY 

A multiple-chamber a r c  heater incorporating four magnetically spun direct-current 
a r c s  was tested over a range of power levels and nitrogen flow rates to determine its 
value as a heater for hypersonic wind tunnels3 Enthalpy levels, determined from energy 
balance measurements, ranged from 4000 to 6000 Btu per pound at a noiliiiid pressure cf 
2.0 atmospheres and a nozzle throat diameter of 3/4 inch. The efficiency of the arc 
chamber ranged from about 45 percent at a power level of 600 kilowatts to about 30 per- 
cent at 1200 kilowatts. 3 s  in single-heater operation, the electrodes were the primary 
source of heat loss. At 1000 kilowatts the electrode heat loss was  47 percent of the a r c  
power for the higHest total nitrogen flow rate, 0.058 pound per second. The correspond- 
ing plenum and nozzle losses were 18 and 3 percent of the a r c  power, respectivelx.' 

of using a separate power supply for each arc heater in a multiple-chamber system. The 
reductions in the electrical fluctuations that can be realized by incorporating a series in- 
ductance in the circuit a r e  indicated. In the case of magnetically spun arcs ,  the induc- 
tance can be obtained, conveniently, by connecting the field coil in se r ies  with the arc. 

An attempt was made to correlate measured values of stagnation enthalpy with the 
values predicted on the basis of equilibrium sonic flow. The results indicated that the 
measured stagnation enthalpy was  generally higher than that predicted for one- 
dimensional real-gas sonic flow by assuming either equilibrium or frozen subsonic ex- 
pansion processes 4' The reason for this is unclear; however, the same general trend 
was noted in ear ier investigations of single-arc heater performance. 

local heat-transfer rates based on laminar pipe flow theory. 
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Certain multiple-arc stability considerations a r e  presented to show the importance 
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Measured nozzle losses correlated well with the integrated values of calculated 



INTRODUCTION 

A need for simulating various aerothermodynamic phenomena occurring in high- 
speed flight and reentry has stimulated research in the field of high-powered a r c  dis- 
charges. Use of such discharges in wind-tunnel facilities provides a means of heating 
gases far beyond the melting point of the containment materials with negligible contami- 
nation of the working fluid. Numerous electrode configurations for the production of high- 
energy gas s t reams have been tested in the past 8 years to determine performance limits 
and gain a better understanding of the physical phenomena associated with the discharge. 
Large-scale a r c  tunnels (test-section a reas  greater than 1 sq ft) require heaters that a r e  
capable of supplying gas powers at megawatt levcls. Probleins a r i se  in the attainment of 
these large powers as a result of power limitations inherent in the a r c  heater. Two ap- 
proaches have been used to obtain higher powers from otherwise power-limited electrode 
configurations, namely, (1) application of geometric scaling techniques as in references 
1 and 2, and (2) utilization of multiple electrodes (ref. 3) or heaters. Many of the prob- 
lems associated with multiple-heater systems have been discussed in references 4 and 5. 
The multiple-heater approach has the advantage that high power can be attained with 
smaller arc heaters, for which performance data are more easily obtained. The physi- 
cal complexity of the overall system is a major disadvantage. 

The goal of this investigation was to determine the performance of a multiple- 
chamber arc heater utilizing the magnetically spun a r c  chamber configuration reported 
in reference 3 and to determine whether the clustering of a r c  heaters results in lowered 
enthalpy level and reduced heater efficiency. 

SYMBOLS 

A 

A* 

d 

Hi 

HO 
I 

K 

L 

m 

2 

area, sq f t  

geometric throat area, sq f t  

diameter, ft 

initial gas enthalpy (before heating), Btu/lb 

stagnation enthalpy, Btu/lb 

current, amp 

conversion factor 

nozzle length, f t  

nitrogen flow rate, lb/sec 



I 

- 
N'd 

'a 
Pr 

Q 

V 

X 

Subscripts: 

a 

E 

g 

N 

P 

T 

Superscript : 

Nusselt number based on diameter 

a r c  power , VaIa/ 1000, kW 

Prandtl number, 0.7 

stagnation pressure, lb/sq f t  or atm 

total heat load, kW 

local heat-transfer rate, Btu/(sq ft)(sec) 

ballast resistance in ser ies  with each arc,  ohms 

ballast resistance common to multiple-arc network, ohms 

Reynolds number based on diameter 

ballast resistance common to multiple-arc network, ohms 

resistance, ohms 

voltage, volts 

axial distance along nozzle, f t  

a r c  

electrodes 

generator 

nozzle 

plenum 

total 

aver age 

MULTIPLE-CHAMBER ARC HEATER 

Support Equipment 

The power supply for the multiple-chamber a r c  heater consisted of four direct- 
current generators, each rated at 600 volts and 1000 amperes and capable of supplying 
720 kilowatts for durations of 5 minutes. The generators could be connected in parallel 
or used independently. Each generator contained a ser ies  ballast resistor capable of 
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providing stepwise variations in resistance between 0.15 and 0.33 ohm in 0.03-ohm in- 
crements. 

The downstream static pressure used to attain sonic flow in the nozzle was obtained 
from a two-stage air ejector-exhauster system that provided pressures as low as 0. 1 
torr  with no flow in the a r c  chamber. This system was based on the results of an inves- 
tigation reported in reference 6. 

and plenum from a 2500-gallon tank at the rate  of 600 gallons per minute with a pump 
discharge pressure of 1000 pounds per square inch gage. The water was recirculated to 
the tank through a small heat exchanger. The capacity of this heat exchanger was insuf- 
ficient to maintain a constant water inlet temperature during the tests; hence, a run was 
limited to about 10 minutes. The water flow rate  and pressure level for each component 
were regulated by means of pneumatic control valves. 

A centrifugal pump delivered deionized water to the cooling passages of the heater 

Arc Chamber 

Important considerations in designing the four-chamber a r c  heater to utilize the total 
available electric power were as follows: 

(1) In reference 3 it was indicated that, at atmospheric pressure, the current limit 
for the magnetically spun arc  used in this investigation is approximately 1500 amperes 
(2000 amps if run times a r e  limited to a few minutes), corresponding to an arc potential 
difference of about 200 volts. At higher current, a prohibitive amount of electrode ero- 
sion was encountered. 

(2) Operation of coplanar radially symmetric multiple heaters, each having an axial 
magnetic field, requires an even number of heaters in order to  prevent magnetic field 
cancellations. Cancellation of the field in the critical anode region would lead to severe 
erosion or  burnout. 

(3) The gas vortices created by the Lorentz force on the a r c  tend to cancel in the 
plenum i f  an even number of heaters is used, because the swirl directions oppose in dia- 
metrically opposite heaters and thus the flow conditions in the nozzle entrance region are 
improved. 

(4) Experience has shown that continuous, well balanced operation of multiple-arc 
chambers powered by a single source is difficult to attain. (This problem will be dis- 
cussed in greater detail in the section PERFORMANCE.) All tests, therefore, were 
conducted with equally powered a rc  chambers in which a separate generator was con- 
nected to each set of electrodes. The four arc chambers shared a common ground 
return line. 

The photograph of the multiple-chamber a r c  heater in figure 1 shows the complexity 
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Figure 1. - Multiple-chamber arc heater showing two of four arc heaters. 

0.18 ohm7 

of the system, particularly the numer- 
ous cooling-water connections. A 
schematic diagram is provided in fig- 
ure 2. Four a r c  chambers of the type 
described in reference 3 were  attached 
to a 5-inch- inside-diameter, 6-inch- 
long plenum. 

The plenum was  fabricated from 
two copper blocks brazed together and 
then bored to accommodate a 5-inch- 
inside-diameter, 0.258-inch-thick cop- 
per pipe and four inlet ports having an 
inside diameter of 2.67 inches and a 
wa l l  thickness of 0.165 inch. A 1/2- 
inch-wide annulus was provided in or- 
der to supply cooling water to the inlet 
ports and the inner wall. The upstream 
end of the plenum was  capped with a 
1/4-inch plate containing a support for 
a quartz window located 2 inches from 

,-1 in. Thoriated tungsten tip 
FNitrogen injector r ing 

Wl': Water out (typical) o-p+++ fmtw 
- ,  Ai -5.0 in. LBoron nitride 

insulator (typical) Arc chamber detail I A5.X-T- - I  

r 0 . 7 5  i n  diam throat 

Nozzle detail 

Figure 2. - Multiple-chamber arc heater configuration. 
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the inner wall. The quartz window support and upstream plate were cooled with a con- 
tinuous winding of 1/4-inch copper tubing. The entire assembly was furnace brazed with 
a silver-copper compound that melts at 1435' F. 

copper anode and a 1-inch-diameter, 2-percent-thoriated copper cathode with a tungsten 
tip. The magnetic field coil around the anode and cathode support chamber was made of 
3/8-inch-diameter polyethylene- coated copper tubing and was connected electrically in 
ser ies  with the cathode. The direction of the induced magnetic field was reversed in ad- 
jacent heaters in order to avoid field cancellation (see fig. 2). 

ratio A/A* was attached to the downstream end of the plenum. Eight splines along the 
length of the nozzle provided support for the inner wall as well as uniform spacing be- 
tween the inner and outer walls. The inner wall was fabricated from beryllium copper 
with a gas-side plating of chrome 0.0005 inch thick. The plating protected the nozzle 
surface against impact from metallic particles occasionally ejected from the tungsten 
cathodes. 

structural failure appeared in the form of porous water leaks through the copper inlet 
ports. These minute leaks were temporarily corrected by peening; however, one of the 
porous regions eventually ruptured, as shown in figure 3. Only the inlet ports exhibited 
this tendency to become porous. No apparent damage was incurred in the regions of the 
5-inch inner wall or the quartz window. 

1 The electrodes consisted of a 3 -inch-inside-diameter, 7-inch-long water-cooled 

A conical nozzle, with a 3/4-inch diameter throat, a 15' divergence, and an 8 .6  area 

After approximately 4 hours accumulated running time, the first indication of plenum 

The inlet ports represented a critical heat-transfer region because of their close 
proximity to the arc .  It is believed 
that the porosity in  the inlet ports of 
the plenum was the result  of abrupt ex- 
pansions and contractions which oc- 
curred during each run cycle. (Ap- 
proximately 60 runs were completed 
prior to the failure.) 

MEASUREMENTS AND 

IN STRUMENTATION 

The performance evaluation of the 
multiple-chamber a r c  heater was 
based upon the computation of gas 

Figure 3. -Heater plenum illustratinq fractured inlet tube. 
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power by a simple calorimetric technique in which the losses to the coolant are sub- 
tracted from the sum of the electrical input power and the small initial power in the gas 
before heating. Except for measurement inaccuracies, the e r ror  introduced in computing 
the gas enthalpy by this method results from radiation losses through the nozzle throat 
which were small at the pressure and energy levels investigated. 

heater performance: 
The following basic measurements were used to determine the multiple-chamber a r c  

(1) Arc  voltage and current for each heater 
(2) Total nitrogen flow rate 
(3) Plenum pressure 
(4) Arc heater and nozzle cooling water flow rates and temperature r i s e s  
Other measurements, such as the total current and generator voltage, when used in 

conjunction with the value of the ballast resistance, provided an indirect means of check- 
ing the electrical characteristics of the arc.  The plenum cooling-water flow rate and 
temperature difference were also measured in a few tests  in order to separate the plenum 
loss from that of the electrodes. 

Electrical Measurements 

Voltmeters accurate to within 1 percent of full scale (750 volts) were used for direct 
reading of the arc voltages or the generator voltages alternately as selected by switching. 
Individual a r c  heater currents, as well as the total of the a r c  currents, were measured 
by means of calibrated shunts and read directly on ammeters accurate to within 1 percent 
of full scale (1500 amps). In addition to the direct readings, all a r c  voltages and all indi- 
vidual and total arc currents were recorded on a multichannel oscillograph. In studies 
of the electrical transients of the arc,  the current was monitored on an oscilloscope. 

Water and Nitrogen Flow Rates 

Cooling water at a flow rate  of about 300 gallons per minute at 250 pounds per square 
inch gage was supplied to the four a r c  chambers and the plenum. Of this total, approxi- 
mately 40 percent was  directed through the plenum and the remainder was  divided among 
the four a r c  chambers. A nozzle coolant flow rate of 250 gallons per minute at 400 
pounds per square inch gage provided throat coolant velocities of 140 feet per second. 

Arc chamber and nozzle water flow rates  were measured with calibrated orifice 
plates. A commercial differential-pressure sensor converted the orifice pressure drop 
into a flow-rate signal directly readable in units of gallons per minute. Plenum flow 
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rates were measured with a turbine-type flow transducer and counter. 
The total gas flow rate  to the four arc heaters was  measured with a subsonic orifice 

plate providing differential pressures of 0 to 5 pounds per square inch for a constant up- 
stream pressure of 500 pounds per square inch gage. The orifice pressures were con- 
verted to electrical signals and recorded on the oscillograph. Equal division of flow 
among the four a r c  heaters was achieved by matching the upstream pressures of critical- 
flow gas-injection rings. 

Pressu re  

Pressure taps, which were located at the upstream end of each a r c  heater, were 
joined to a common manifold. The manifold pressure, representing an average arc 
chamber pressure, was measured with a 0- to 50-pound-per-square-inch differential 
transducer vented to the atmosphere. An oscillograph provided continuous recording of 
the chamber pressure. In cold flow tests, subatmospheric pressures were read on a 0- 
to 32- pound- per- square-inch absolute precision pressure gage. Exhaust pressures 
ranging from 0 .1  to 2 .0  torr  were measured with a McLeod gage and dibutyl phthalate 
manometers incorporating a vacuum reference. 

Temperatures 

The temperature r i s e  of the coolant for the a r c  heater (four arc chambers plus the 
plenum) ranged from 6' to 18' F, whereas that of the nozzle coolant ranged from 0. 5' to 
3' F. The relatively low magnitude of these temperature differences required an ex- 
tremely accurate means of measurement. A precision self-balancing potentiometer and 
temperature convertor sensed the output of iron-constantan thermocouples and was used 
in conjunction with a system of thermopiles to monitor the water temperature rise for 
the various components. The iron- constantan thermocouples also provided an absolute 
measure of the reservoir water temperature, which increased by as much as 60' F in 
the course of an 8-minute test. The reservoir water temperature was used to correct 
the sensitivity factor for the thermopiles. In copper-constantan thermopiles of the type 
described in reference 7, the sensitivity factor changed by 0.016 millivolt per O F  over 
the 60' F temperature range, which represents a 7-percent increase in output signal. A 
second type of thermopile, incorporating unshielded Chromel- constantan thermocouples 
produced a 6-percent increase in output signal over the same temperature range. Both 
types of thermopiles worked satisfactorily, having response t imes of about 1 second. 
Thermopile output signals were recorded on an oscillograph. 
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4 ,  _ _  - - - - _ 
(a) Single power supply. (b) Multiple p w e r  supplies. 

Figure 4. - Electric circuit  connections. 

PERFORMANCE 

Electrical Stability Criterion 

In a direct-current a r c  exhibiting a negative voltage-current characteristic, a stable 
discharge exists at the intersection of the generator load line and the a r c  discharge char- 
acteristic i f  the slope of the generator load line has a greater negative value than that of 
the discharge characteristic (ref. 8). This ifitersectim becnmes a sta-ble operating 
point because deviations in the neighborhood of this point along the a r c  characteristic 
line create a difference between the applied voltage and the sum of the resistance drop 
and the arc voltage which will tend to return the current to the point of intersection. Os- 
cillations about this stable point are normal, but it is desirable to minimize the ampli- 
tude of these fluctuations to lessen the possibility of a r c  blowout or burnout. In a system 
of multiple-arc discharges, each a r c  characteristic must satisfy the slope criterion. 
The direct-current power supplies had a flat voltage characteristic; therefore it was 
necessary to incorporate a ballast resistor in ser ies  with each a r c  to obtain a stable arc 
operating point. The a r c  current was controlled by adjusting the generator terminal 
voltage. 

Parallel Circuits for Multiple-Heater Systems 

Figure 4 illustrates two types of electric circuit connections that were examined in 
order to compare the differences in the electrical interactions of the discharges. These 
simplified circuits can be analyzed if  circuit inductance and capacitance a re  ignored. 

and control simplicity; however, electrical coupling of the individual a r c  heaters takes 
place through the resistances R 

A single power supply (fig. 4(a)) is desirable from the standpoint of power supply 

and Rc, which are common to all arcs .  This cou- 
g 
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(a )  Field co i l  in series wi th arc. Generator 
voltage, 530 volts; arc voltage, 229 volts; 
ballast resistance, 0.2870 ohm. 

( b )  Field co i l  in series wi th arc. Generator 
voltage, 305 volts; arc voltage, 231 volts; 
ballast resistance, 0.0705 ohm. 

( c )  Field separately excited (reduction in 
series inductance). Generator voltage, 
345 volts; arc voltage, 232 volts; ballast 
resistance, 0.1075 ohm. 

Figure 5. - Oscilloscope traces showing arc  
cur ren t  t ransients for different values of 
ballast resistance and series inductance. 

pling causes fluctuations in any one a r c  heater to af- 
fect all the others. 

With multiple power supplies (fig. 4(b)) no circuit 
resistances a r e  common to the individual a r c  heaters, 
except the very low resistance ground return, and 
thus negligible coupling of the individual fluctuations 
occur. Experiments in which two a r c  heaters were 
connected to a single 500-volt, 6000-ampere, direct- 
current generator with Rc = 0.08 ohm and 
R1 = F$ = 0.15 ohm revealed the higher amplitude as- 
sociated with this type of system than with separately 
connected discharges. These fluctuations, combined 
with the fluctuations in generator terminal voltage, 
confirmed the desirability of using independent power 
supplies. 

Advantages of Induct ive Reactance 

The discharge fluctuations for each a r c  are in- 
fluenced predominantly by the inductive reactance in 
the system rather than the resistance provided that 
sufficient resistance is available to meet the basic 
stability criterion mentioned previously. Operation 
at low values of ballast resistance is desirable from 
the standpoint of improving system efficiency, which 
can be defined as Va/V A system efficiency in- 

g' 
crease of 32 percent was achieved by reducing the 
ballast resistance from 0.2870 to 0.0705 ohm. Os- 
cilloscope traces taken with these resistances are 
shown in figure 5(a) and (b). No change in fluctuation 
amplitude is evident. 

In addition, several tes ts  were made with the 
field coil surrounding the anode removed from the a r c  discharge circuit and separately 
excited with 1050 amperes from a welding generator. The resulting oscilloscope trace 
(fig. 5(c)) shows that the amplitude of the arc current oscillations increased when a r c  
discharge circuit inductance was reduced in this manner. 

As a result of these tests, each arc-heater field coil was connected in series with 
the arc .  This ser ies  coupling, in addition to providing inductance, tends to protect the 
anode against burnout because the magnetic field is always present during a r c  operation. 
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Average ni t rogen flow Stagnation 
rate per arc heater, pressure, 

I bl  sec atm 

0 0. m7w. 0005 0.946 to 0.960 
0 .m87 1.05 to 1.08 
A .0115 1.34 to 1.63 340 

VI 

r 0 =+m 
I>* 

g 260 
B 
2 
a 220 
f 
P 

d 

m 

a 

180 

140 
Maximum available 
c u r r e n t  per arc heater-’ 

Average arc cur ren t ,  Ta, amp 

Figure 6. - Voltage characteristics of each arc heater in multiple- 
chamber conf igurat ion as func t ion  of flow rate. Ballast resis- 
tance, 0.18 ohm. 

Since the available voltage exceeded the 
arc  voltage, the amount of ballast res is-  
tance was based on a compromise between 
system efficiency and current control sen- 
sitivity. An experimentally derived re- 
sistance of 0. 18 ohm provided the desired 
flexibility of operation with reasonable 
ballast power losses. At 1000 amperes, 
the ballast resistor power dissipation 
ranged from 43 to 50 percent of the total 
power depending upon the nitrogen flow 
rate. 

Voltage Characterist ics 

The arithmetic average voltage- 
current characteristics of the four a r c s  
in the heater a r e  presented in figure 6, 
with the nitrogen flow is& as the parzm- 

eter.  The maximum difference in current among the four arcs was  generally less  than 
50 amperes. The gas power, as well as the arc power, is continually changing with a r c  
current; therefore, at constant flow rate, the stagnation pressure must also change (ap- 
proximately as the square root of gas power). The stagnation pressures in figure 6 cor- 
respond to a total flow rate of four times the parametric values indicated. 
voltage-current characteristics depend strongly on a r c  heater configuration, caution 
should be observed in generalizing these data. The apparent scatter in the data results 
primarily from the inability to control the nitrogen flow rate precisely rather than from 
any measurement e r rors .  

Upper and lower limits of a r c  voltage have not been established. The highest a r c  
voltage occurred at the highest mass  flow rate shown (0.0145 lb/sec per heater). Ex- 
tended periods of operation at these conditions caused severe erosion of the insulating 
rings located between the anode and the plenum. Consequently, higher mass  flows and 
higher voltages could not be run without danger of system failure. 

A typical generator load line for a ballast resistance of 0. 18 ohm and a generator 
terminal voltage of 415 volts is shown in figure 6. The lower limit of arc current de- 
pends upon the slope of the load line, which is dictated by the amount of ballast resis- 
tance. The minimum current required for maintenance of a stable discharge can be de- 
termined by establishing a parallel load line tangent to the a r c  characteristic. This 

Since 
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Total nitrogen Stagnation 
f l av  rate, pressure, 

atm I b l  sec 

0 0.0353.002 1.03 to 1.08 - 
.058 1.83 to 2.28 j+ii I"_ .056 1.05 

60 

40 

20 

0 
400 600 800 lo00 1m 

Total arc  paver, Pa, kW 

Figure 7. - Component losses and eff iciency for multiple-chamber arc  
heater. 

point occurs at approximately 600 am- 
peres for a ballast resistance of 0. 18 
ohm. Although lower currents could 
be obtained by increasing the ballast 
resistance, operation in this regime 
was of little interest in the present 
study because of the low gas power 
and low system efficiency. 

Energy Losses 

Component fractional power 
losses and efficiencies a r e  shown in 
figure 7 for an intermediate and a 
high total flow rate, 0.035 and 0.058 
pound per second, respectively. The 
efficiency in figure 7 is based on the 

losses to the electrodes, plenum, and nozzle and does not include power supply and bal- 
last resistor losses. Also, the electrode losses of a single-arc chamber (ref. 3) a r e  
compared to those of the a r c  chambers in the multiple-heater system operating in a sim- 
ilar environment. In order to make a comparison in one figure between single- and 
multiple-chamber a r c  performance, the single-heater power and flow-rate data from 
reference 3 were multiplied by a factor of 4. If the stagnation pressure and flow rate  
were identical for the two cases, the curves representing the fractional power losses 
would be expected to coincide; however, the 0.75-inch-diameter throat of the multiple- 
chamber arc heater produced pressures slightly higher than those reported in refer- 
ence 3 for a single heater operating with a 0. 50-inch-diameter throat (nominal stagnation 
pressures of 2.0 and 1 .0  atm, respectively). The slightly higher electrode power losses 
for the multiple system a r e  attributed primarily to the higher stagnation pressure since 
the enthalpy levels were nearly equal for the two cases. 

The plenum power losses a r e  influenced by several factors, including anode geome- 
try (ref. 9), degree of equilibrium, and the dynamics associated with gas interactions in 
the case of a multiple-arc system. Consequently, the determination of heat-transfer co- 
efficients is a complex problem that does not easily yield to analysis. Measurements 
can be made of heat transfer from the plenum, however, and heat-transfer coefficients 
can be calculated from these measurements. In this study, plenum losses accounted for 
about 18 percent of the a rc  power at the high flow condition, 0.058 pound per second. At 
a power level of 1 megawatt, the average plenum heat-transfer ra te  was 178 Btu per 
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Axial distance along nozzle, x, in. 

enthalpy, 5Mo Btu  per pound; stagnation pressure, 
2.0 atmospheres. 

Figure 8. - Calculated nozzle heating rates. Stagnation 

square foot per second. 

power was lost to the nozzle coolant. Measured 
nozzle heat loads ranged from 16 to 35 kilowatts 
over power levels of 530 to 1150 kilowatts. The 
e r ro r  in these measurements could, however, be 
very large because the large quantity of cooling 
water produced a temperature rise of less than 
1' F. Therefore, it was  desirable to check the 
magnitude of the measured .heat load by calculat- 
ing the loss based on mean operating conditions 
of 5500 Btu per pound at 2.0 atmospheres. Cal- 
culations were based on the equation for forced 

Approximately 3 percent of the total input 

convection in laminar pipe flow (ref. 10) 

- 0. 06 6 8 (d/x) RedPr 

1 + 0.04 [(d/X)RedPr] 0.667 
NUd = 3.65 + 

In reference 11, this equation provided a good correlation between iiieasurd a d  theorct- 
ical heat loads on nozzles operating in similar environments. The low nozzle-throat 
Reynolds number (18 000) corresponding to the mean operating conditions tends to justify 
the use of laminar flow theory. The resulting heat-transfer profile is shown in figure 8. 
The maximum local heat-transfer rate, occurring slightly upstream of the minimum 
area, was approximately 100 Btu per square foot per second. The total heat loss was 
obtained by integrating the profile of local heat-transfer ra tes  according to the following 
equation: 

The total nozzle heat transfer, obtained by mechanical integration of the profile, was 
18 kilowatts for the assumed stagnation conditions. This value, which is in reasonable 
agreement with the measurements, to some extent verifies the low magnitude of the noz- 
zle heat loss (15. 9 to 34. 5 kW) at the conditions investigated. 

The efficiency of the multiple-chamber arc  heater shown in figure 7, 
30 to 45 percent, the highest efficiency occurring at the lowest a r c  power 
flow rate. 

ranged from 
and the highest 

13 



Total nitrogen Stagnation 
flow .rate, pressure 

lblsec atm 

0 0.02w. 002 
0 .035 1.03 to 1.08 

m, PO 

0.946 to 0.960 

Total arc power, Pa, T. kW 

Figure 9. - Variation of stagnation enthalpy 
w i t h  arc power and flow rate. Single heater 
at reduced power. (Data f rom ref. 3 . )  

, 1 5 1  I I 1 - 1  

.1  

.08 

Average stagnation enthalpy, q,-,, Btul lb 

Figure 10. - Comparison of experimental 
and theoretical stagnation enthalpy 
using sonic-flow method of correlation. 

Average Stagnation Enthalpy 

The average stagnation enthalpy was determined from an energy balance of the 
heater-nozzle system according to the following equation: 

The stagnation enthalpy is plotted as a function of a r c  power and flow rate  in figure 9. 
The stagnation enthalpy at constant flow rate increases with increasing a r c  power; how- 
ever, the scatter in the experimental data makes the fairing of the curves difficult. Gen- 
erally, the stagnation enthalpy was between 4000 and 6000 Btu per pound at stagnation 
pressures  of 2 .0  to 1. 5 atmospheres, respectively. 

The enthalpy levels obtained with the multiple-chamber a r c  heater were approxi- 
mately the same as those reported in reference 3 for a single magnetically spun arc.  
The enthalpies are about the same for the two cases since the plenum fractional loss for 
the single heater was nearly the same as that of the multiple-heater system. 

An attempt was made to correlate measured values of stagnation enthalpy by means 
of the sonic flow method (ref. 12), in which the flow is assumed to be one-dimensional, 
steady, homogeneous, isentropic, and in thermal equilibrium. For these assumptions, 
the sonic flow parameter PoA*/m is approximately a logarithmically linear function of 
stagnation enthalpy at  constant pressure. Theoretical values of P0A*/m were com- 
puted from the nitrogen Mollier diagram of reference 13 and are shown in figure 10 for 
a stagnation pressure of 2 .0  atmospheres. The theoretical frozen and equilibrium lines 
were used to bracket the flow parameter and thus serve as a guide to the accuracy of 
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measured values of stagnation enthalpy. These lines represent the upper and lower 
bounds of the flow parameter, and all measured values should lie within these limits if  
the initial assumptions of the analysis are not violated. As noted in figure 10, the major- 
ity of data fall outside the theoretical limits indicating the probability of departures from 
the ideal model and/or measurement e r rors .  A discussion of some effects resulting 
from these departures is presented in references 12 and 14; however, measurements in 
this investigation were insufficient to determine the predominant reason for such behav- 
ior.  Application of the pressure-rise technique of reference 12 for determining the stag- 
nation enthalpy resulted in large discrepancies in experimental and theoretical values, 
which were attributed to differences in the flow discharge coefficient for cold and hot 
sonic flow. Cold-flow discharge coefficients as low as 0.6 were measured at the high 
flow rate, 0.058 pound per second, which indicated the presence of vortices in the ple- 
num. Although measurements were inadequate to assess the values of hot discharge co- 
efficients, it is expected, on the basis of references 14 and 15, that these values ex- 
ceeded 0.9. 

CONCLU SlONS 

A mu!tip!e-ehaiber a r c  heztster comprised of fmr direct-zurrent a r c  katrrs was 
tested over a range of power levels and nitrogen flow rates  in order to ascertain the de- 
sirability of utilizing this type of configuration for powering hypersonic arc tunnels. 
Tests of the arc heater were concluded because a plenum failure occurred after an accu- 
mulated running time of 4 hours. Sufficient information was obtained, however, to reach 
the following conclusions: 

8 minutes at nominal stagnation conditions of 5500 Btu per pound and 2 .0  atmospheres 
with a 3/4-inch-diameter nozzle throat. 

2. Clustering of a r c  heaters provides a means of increasing gas power in direct pro- 
portion to the number of heaters if  plenum losses a r e  not included. The gas power could 
be predicted from single-heater data at simulated multiple-heater operating conditions i f  
plenum losses could be estimated. 

3. In a multiple-chamber configuration, the electrical fluctuations of the a rc s  are 
influenced by the type of power supply coupling. A separate power supply for each arc 
heater minimizes the system fluctuations. Individual a r c  fluctuations can be decreased 
by means of a series inductance; therefore, in the case of a magnetically spun a r c  it is 
desirable to maintain the field coil in ser ies  with the arc .  

4. The enthalpy levels obtained with the four-chamber a rc  heater were approxi- 
mately the same as those obtained with a single-arc heater of the same type operating 

1. The multiple-chamber a r c  heater provided a steady flow for running times up to 
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with a plenum at a slightly lower pressure level. The plenum fractional losses for the 
four-chamber a rc  heater were also about the same as that of the single chamber. 

5. Since multiple-chamber arc heater systems are physically very complex, the 
minimum possible number of heaters should be used to attain a required power level. 
Chamber configurations other than the magnetically spun a r c  may be superior for use in 
a clustered system because of a higher gas power per arc.  

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, April 12, 1965. 
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